Abstract This paper proposes a novel hybrid multilevel converter with DC fault-blocking capability, i.e., the neutral-point clamped hybrid multilevel converter (NHMC). By employing two types of unipolar full-bridge submodules along with director switches, which are composed of seriesconnected insulated-gate bipolar transistors, the NHMC combines the features and advantages of the neutral-point clamped converter and the modular multilevel converter. The basic topology, operating principles, modulation scheme, and energy-balancing scheme of the NHMC are presented. The DC fault-blocking capability of the NHMC is investigated. The number of power electronic devices used by the NHMC is calculated and compared with other multilevel converters, showing that the proposed NHMC can be an economical and feasible option for medium-voltage DC transmission with overhead lines. Simulation results demonstrate the features and operating scheme of the proposed NHMC.
Introduction
In the past few decades, several voltage source converters (VSCs) have been developed for medium-and highvoltage DC transmission [1] , such as the two-level converter (TLC), the neural-point clamped converter (NPC) [2] , the modular multilevel converter (MMC) [3] , and so on. As analyzed in [4] and [5] , these converters fall into two distinct groups: the controllable switch converter, which consists of insulated-gate bipolar transistors (IGBTs) in series (such as the TLC and NPC); and the controllable voltage source converter, which consists of submodules (SMs) in series (such as the MMC). As a typical controllable voltage source converter, the MMC offers significant advantages over the controllable switch converter, such as high modularity, low dv/dt, low switching frequency and power loss, and reduced current harmonics [3, 6] . As a result, the MMC has been widely studied and applied in many medium-and high-voltage applications [6] [7] [8] , especially in VSC high-voltage DC (HVDC) transmission.
However, the MMC has inherent drawbacks. One of the main drawbacks is that the MMC employs a large number of IGBTs, thereby increasing the cost and scale of the converter. Another drawback that cannot be ignored is that the MMC that employs half-bridge SMs (HBSM-MMC) lacks DC fault-blocking capability [9, 10] . When a pole-topole DC fault occurs, the arm currents and DC fault current of the HBSM-MMC increase at a very fast speed and might damage the freewheeling diodes. Although employing another kind of SM, such as full-bridge SMs (FBSMs) and clamp-double SMs (CDSMs) can solve this problem [11] [12] [13] , the cost and scale of the MMC increases significantly.
To overcome the drawbacks of the MMC, a new type of VSC called a hybrid multilevel converter has been proposed in recent years [14, 15] . The hybrid multilevel converter combines features and advantages of the aforementioned two groups of VSCs and employs IGBTs and SMs in series. The alternate arm converter (AAC) proposed in [14] and the hybrid cascaded multilevel converter (HCMC) proposed in [15] are two typical hybrid multilevel converters that can be regarded as hybrids of the TLC and MMC. By employing IGBTs in series as director switches (DSs) in place of some SMs, the AAC and HCMC employ fewer SMs, and therefore can reduce the number and cost of power electronic devices. By using FBSMs as SMs, the two converters are capable of blocking the DC fault current during a pole-to-pole DC fault [16] . Under normal conditions, the DSs in the AAC operate at the fundamental frequency (i.e., 50/60 Hz), thereby reducing the switching loss of the DSs. However, as analyzed in [14] , the AAC needs to operate at the ''sweet spot'' to maintain the energy balance of stacks; thus, the modulation range is limited [17] . Compared with the AAC, the HCMC reduces the number of power electronic devices [16] . By employing a symmetrical modulation scheme [18, 19] , the modulation range of the HCMC can be [0, 4/p], which is wider than that of the AAC. However, in the symmetrical modulation scheme, the DSs in the HCMC switch at a higher frequency [18, 19] ; thus, the switching loss is higher than for the AAC. In [5] and [20] , asymmetrical modulation methods for the HCMC are investigated to reduce the switching frequency and thereby the switching loss of the DSs. The asymmetrical modulation schemes are suitable for the HCMC for operation with a high modulation index but cannot be applied to the HCMC when the modulation index is lower than 2H3/p [5] .
This paper proposes a novel hybrid multilevel converter with DC fault-blocking capability, i.e., the neutral-point clamped hybrid multilevel converter (NHMC). Compared with the HCMC, the proposed NHMC replaces the TLC stage with a three-level NPC stage and replaces the FBSMs with two types of unipolar full-bridge SMs (UFBSMs) [21] , thereby reducing the number of IGBTs and the cost of the converter. The special hybrid design offers the proposed NHMC the capability to control the DSs to switch the fundamental frequency while working in a wide modulation range.
The rest of this paper is organized as follows. Section 2 presents the topology and operating modes of the proposed NHMC. Section 3 analyzes the operating principle, modulation scheme, and energy-balancing scheme of the NHMC during normal operation. Section 4 presents the DC fault-blocking scheme of the NHMC and compares between the NHMC and other multilevel converters. Section 5 demonstrates the features and operation scheme of NHMC through PSCAD/EMTDC simulation results. Section 6 concludes the paper.
Topology and operation modes
The NHMC is a hybrid topology that combines the features of the three-level NPC and the MMC. Figure 1 depicts the circuit configuration of an NHMC, which consists of three phases and two DC capacitors. Each phase of the NHMC consists of four director switches (DSs), two clamp switches (CSs), one stack, and one inductor. The DS and CS are composed of IGBTs and diodes in series, respectively, as shown in Fig. 2 . The DSs can be switched on and off to conduct currents and withstand voltages, respectively. The neutral point of the whole circuit, i.e., point N, as shown in Fig. 1 , is clamped by the CSs in each phase.
The stack in each phase is composed of two types of SM. The first type of SM is a UFBSM, which was first proposed in [18] as shown in Fig. 3a . This type of SM can work as an FBSM to provide bipolar voltages when the current that flows through it is negative; therefore, it is referred to as negative UFBSM. The second type of SM in the stack is modified from the negative unipolar UFBSM, as shown in Fig. 3b . It can work as an FBSM to provide bipolar voltages when the current that flows through it is positive; therefore, it is referred to as positive UFBSM. The operating states of the positive and negative UFBSMs are shown in Table 1 . Each stack is composed of N s seriesconnected positive UFBSMs and N s series-connected negative UFBSMs, as shown in Fig. 2 . Table 1 shows that the positive UFBSMs altogether in one stack can generate voltage levels from -N s U c to ?N s U c when the AC-side current is positive, and can be bypassed when the AC-side current is negative. On the other hand, the negative UFBSMs altogether in one stack can generate voltage levels from -N s U c to ?N s U c when the AC-side current is negative and can be bypassed when the AC-side current is positive. Therefore, all the positive and negative UFBSMs can work together to generate voltage levels from -N s U c to ?N s U c regardless of the ACside current direction, as is the case with N s series-connected FBSMs. Under fault conditions, when all the positive and negative UFBSMs in one stack are blocked, they can generate reverse voltage levels as high as 2N s U c , again as can 2N s series-connected FBSMs.
The NHMC has two operating modes: the normal operating mode and the DC fault-blocking mode. The working states of the DSs and the stacks in phase a in each operating mode are listed in Table 2 , and the operating principles of the NHMC in the two modes are explained in detail in the following two sections.
Normal operating scheme
The operating principle of the NHMC in the normal mode is similar to the HCMC [15] where the NPC stage is controlled to generate the fundamental component of AC grid voltages, while the stacks are controlled to attenuate the voltage harmonics produced by the NPC. However, owing to the differences between the NPC and the TLC, some obvious differences exist between the operating schemes of the NHMC and the HCMC. As discussed in the following subsection, the DSs in the NHMC switch at the fundamental frequency (50 Hz or 60 Hz) which helps to reduce the switching loss of the DSs. 
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Modulation scheme of the DSs
The three phases of NHMC are symmetrical, and phase a can be taken as an example to explain the modulation scheme of the DSs and stacks as shown in Fig. 4 . Table 2 shows the three different operating states of the DSs in phase a in the normal mode. To reduce the switching frequency of the DSs, a fundamental frequency modulation scheme is applied to the DSs to generate the fundamental component of the AC voltage of phase a (u a ). Figure 5 shows how the operating states of the DSs change at h 1 , h 2 , h 3 , and h 4 , and the switching frequency of each DS is the same as the frequency of u a , i.e., the fundamental frequency.
To balance the conducting time of the DSs, the following equations should be satisfied:
The voltage generated by the NPC stage can be expressed as:
ð2Þ where x = 2p/T, T denotes the period of AC grid voltage, and U dc denotes the DC-link voltage. Therefore, based on (1) and (2), the amplitude of the fundamental voltage generated by the NPC can be calculated as follows:
The AC voltage and current of phase a are given as:
where u is the power factor angle. The power flowing from the stack into the AC grid can be calculated as:
The power flowing from the NPC into the stack can be calculated as:
To ensure the energy of the stack is balanced, P NtoS should be equal to P StoG . Therefore, based on (3), (5), and (6), h 1 can be calculated as follows:
Then h 2 , h 3 and h 4 can be solved simply by substituting (7) into (1), and the energy balance of each stack is achieved independently of the power factor angle u. As a result, the switching states of DSs can be determined according to (1) , (7) 
Modulation scheme of the stacks
As previously analyzed, the stacks are controlled to work as a series-active power filter to attenuate the harmonics generated by the NPC stage. Moreover, similarly to the symmetrical modulation scheme of the HCMC [18, 19] , a third-harmonic voltage u 3h (t) is injected to reduce the number of UFBSMs needed in each stack as shown in Fig. 6 . The injected third-harmonic voltage can be expressed as:
Fig. 4 Circuit topology of phase a of the NHMC
Therefore, the stack voltage of phase a can be calculated as:
As analyzed in Section 2, the stack voltage generated by the positive and negative UFBSMs together, i.e. u sa (t), should satisfy the following equation:
At time t = h 1 /x, (10) can be expressed as:
From (11) the following equation can be derived:
Therefore, the minimum N s needed to satisfy (11) can be calculated as:
where ceil(X) equals the smallest integer which is no less than X.
The following equation can be obtained by substituting (13) into (11):
From (14), U 3h can be solved as:
where m denotes the modulation index of the NHMC and is defined as:
Based on (7), (15), and (16), the absolute value of U 3h becomes quite large when h 1 is very close to zero, or when m is very close to 4/p (approximately 1.273). This condition indicates that the NHMC cannot operate when m is very close to 4/p. Table 3 lists m, h 1 , and U 3h when m is larger than 1.23, and shows that the absolute value of U 3h does not exceed U dc /4 as long as m is no greater than 1.25. Therefore, the modulation range of the NHMC can be 0 B m B 1.25, which is slightly narrower than for the HCMC (0 B m B 4/p) and is wider than for the MMC (0 B m B 2= ffiffi ffi 3 p ) [22] and AAC (m = 4/p at the ''sweet spot'' [14] ).
The voltage generated by the stack of phase a, i.e. u sa (t), can be determined by (9) . By applying the nearest level modulation (NLM) scheme [23] , the voltage level number generated by the stack of phase a, i.e. N sa (t) can be calculated as follows:
Although the voltage level number of the stack is determined, the operating states of the SMs in the stack remain undetermined. Through the SM capacitor voltage balancing scheme described in Section 3.3, the operating states of the SMs in the stack can be obtained, and then the control signals for the IGBTs in the stack can be determined according to Table 1 . Fig. 6 Waveforms of the voltage generated by the NPC stage u AcN (t), the AC grid voltage u a (t), the injected 3rd harmonic voltage u 3h (t), and the stack voltage u sa (t) 
Voltage balancing scheme of SM capacitors
The modulation scheme of the DSs can ensure that the total energy of each stack is balanced. However, the energy balance inside the stack, i.e. the voltage balance of the SM capacitors, is not ensured. In the MMC and the HCMC, sorting strategies [5, 6, 23] are used to balance the SM capacitor voltages and obtain operating states of SMs. In fact, in the MMC and the HCMC, the SMs inside one stack can produce the same voltage levels; thus, their capacitor voltages can be sorted together to determine the operating states of the SMs. In the NHMC, however, each stack is composed of two different types of UFBSM which may produce different voltage levels. As a result, in some situations, the SM capacitor voltages of the NHMC cannot be sorted together to obtain the operating states of the SMs; thus, the existing sorting strategies cannot be simply transplanted to the NHMC. This paper proposes a modified sorting strategy for the NHMC to balance the SM capacitor voltages inside each stack. Taking the stack of phase a as an example, the proposed sorting strategy depends on the direction of the AC-side current i a and the voltage level number N sa as follows. As explained, the key feature of the modified sorting strategy is to maintain the capacitor voltage balance of the positive UFBSMs and the capacitor voltage balance of the negative UFBSMs separately in situations 2 and 4, and to achieve the capacitor voltage balance of the two types of UFBSMs in situations 1 and 3. The energy balance of the stack is ensured by modulating the DSs, and the SM capacitor voltages can be maintained around the nominated value by using the proposed modified sorting strategy.
Energy balancing scheme of DC capacitors
Similar to the conventional NPC, the energy balance of the DC capacitors is also an issue that requires attention. As analyzed in [24] , in the fundamental period T, the energy difference between the two DC capacitors is mainly determined by the neutral line current i N (t). To maintain the energy balance of the DC capacitors, the following equation should be satisfied according to [24] :
As illustrated in Fig. 3 , i N (t) can be calculated as:
while i aN (t) can be expressed as:
The following equation can be proved when h 1 , h 2 , h 3 and h 4 satisfy (1):
Therefore i N (t) satisfies (18) because of the symmetry of i aN (t), i bN (t) and i cN (t). Thus, the energy balance of the DC capacitors can be achieved.
DC fault blocking scheme and comparison with other multilevel converters 4.1 DC fault mechanism
When the NHMC is applied to DC transmission using overhead lines, the DC fault protection scheme becomes an important concern. Generally, two types of DC-side shortcircuit faults exist in the NHMC-based HVDC system, the pole-to-pole short-circuit fault and the pole-to-ground short-circuit fault. The mechanisms of these two types of faults are analyzed as follows.
When a pole-to-pole DC fault occurs, the DC capacitors of the NHMC are discharged rapidly, and thus the DC-link voltage drops to zero, and the DC current increases to a high level at a fast speed. The discharging current of the DC capacitors does not flow through the DSs or stack, and therefore does not cause damage to the IGBTs or diodes. However, if the stacks do not provide reverse voltages against the AC-side currents, then the AC-side currents flow directly into the DC fault site because of the freewheeling effects of the anti-parallel diodes, and the DC fault turns into an AC-side short circuit fault, as shown in Fig. 7 . The increasing AC-side short-circuit fault current flows through the stacks and DSs and might damage the power electronic devices.
The mechanism of the pole-to-ground fault is similar to that of the pole-to-pole fault. The positive pole-to-ground fault is taken as an example. After the DC fault occurs, the upper DC capacitor is discharged and the positive-pole DC current increases rapidly to a high level, as shown in Fig. 8 . The discharging current of the upper DC capacitor does not flow through the DSs or stacks; thus, it will not cause damage to the IGBTs or diodes. On the other hand, the ACside currents flow through the stacks and DSs and into the DC fault site. If the stacks do not provide reverse voltages, the AC-side currents increase rapidly and might damage the power electronic devices.
DC fault blocking scheme
To block the current paths between the AC side and the DC fault site, the NHMC should be switched to the DC fault-blocking mode in which all IGBTs in the DSs and stacks are switched off. According to Table 1 , when all the SMs are blocked, the SM capacitors are charged and each stack provides reverse voltage as high as 2N s U c to oppose the current that flows between the two sides of the NHMC, regardless of the current direction.
During a pole-to-pole fault, as shown in Fig. 7 , the following condition should be satisfied to ensure that the current can be eliminated and will not reignite:
where U lm is the amplitude of the AC grid line-to-line voltage, and satisfies the following equation:
Based on (22) and (23), the minimum N s needed to block the pole-to-pole DC fault can be calculated as:
On the other hand, as shown in Fig. 8 , during a pole-toground fault, the number of UFBSMs in each stack should satisfy the following condition to block the AC-side currents:
Based on (23) and (25), the minimum N s needed to block the pole-to-ground DC fault can be derived as:
As N s,p2g is smaller than N s,p2p , the minimum N s needed to block both pole-to-pole and pole-to-ground faults is given by (24) . From (13) and (24), the minimum N s needed in the normal and DC fault-blocking modes can be derived as follows:
Comparison with other multilevel converters
Several multilevel converter topologies have been proposed in previous studies for medium-or high-voltage DC transmission, such as the HBSM-MMC, FBSM-MMC, Fig. 7 Current paths of the NHMC during a pole-to-pole DC fault Fig. 8 Current paths of the NHMC during a pole-to-ground DC fault CDSM-MMC, hybrid FBSM-MMC, hybrid CDSM-MMC, hybrid UFBSM-MMC, AAC, HCMC, and so on, as described in Section 1. The number of power electronic devices employed in these converter topologies is compared to the proposed NHMC in Table 4 . The table shows that among the multilevel converters with DC faultblocking capability, the proposed NHMC uses the smallest number of IGBTs. Compared with the AAC, the proposed NHMC can work over a wide modulation range. Compared with the HCMC, the DSs of the NHMC switch at the fundamental frequency; thus, the switching loss can be reduced.
Attention should be paid to the hybrid multilevel converters, such as the AAC, HCMC, and the proposed NHMC, in which DC filters are essential to attenuate DC current harmonics. As the cost and volume of the additional DC filters increase rapidly with the DC-link voltage, the hybrid multilevel converters might not be economical when the DC-link voltage increases to a high level. Therefore, the proposed NHMC is likely to be more suitable for medium-voltage DC transmission with overhead lines.
Simulation
To verify the operating scheme and features of the NHMC, a detailed simulation model of the NHMC which has the same configuration as shown in Fig. 1 has been set up in PSCAD/EMTDC. The parameters of the simulation model are listed in Table 5 . The following cases are simulated. Note: * The AC line-line RMS voltage and the modulation index of the AAC is chosen to be higher so that the AAC can work at ''sweet spot'' 
Verification of normal operating principle
In case 1, the NHMC works in the normal operating mode, and the rated AC-side line-to-line RMS voltage is set as 22 kV, i.e., the modulation index is 0.9. Before t = 0.3 s, the reference values of the active and reactive power are -16 MW and 8 Mvar, respectively. At t = 0.3 s, the reference value of active power steps to 16 MW. At t = 0.4 s, the reference value of the reactive power steps to -8 Mvar. Waveforms of the active and reactive power, AC-side currents, DC-link voltage, DC current, DC capacitor voltages, and SM capacitor voltages of phase a are shown in Fig. 9 .
As illustrated in Fig. 9a , b, the NHMC is able to transmit active and reactive power following the reference value accurately with very low AC current harmonics. As shown in Fig. 9c -e, the DC voltage and current of the NHMC have six-pulse ripple which is effectively attenuated by DC capacitors and inductors. The DC capacitor voltages are also balanced and maintained around 20 kV. The SM capacitor voltages are well balanced and maintained around 1.7 kV, as shown in Fig. 9f . The simulation results shown in Fig. 9 verify the normal operating scheme of the NHMC.
Verification of high modulation index operation
In case 2, the rated AC-side line-to-line RMS voltage of the NHMC is 30.6 kV, i.e., the modulation index is 1.25.
The reference values of the active and reactive power are set as -16 MW and ?8 Mvar, respectively. Waveforms of the active and reactive power, the AC-side currents, the DC-link voltage, the DC current, the DC capacitor voltages, the SM capacitor voltages of phase a, the AC-side voltages, and the injected third-harmonic voltage are shown in Fig. 10 . It is evident that the NHMC can be controlled well to follow the active and reactive power references, and the AC-side currents have little harmonics. The magnitude of the injected third-harmonic voltage is approximately 10 kV, which is not extremely large compared to the AC grid voltage. Simulation results in Fig. 10 verify that the NHMC can operate at a high modulation index.
Verification of DC fault blocking capability
In cases 3 and 4, the rated AC-side line-to-line RMS voltage of the NHMC is 22 kV, i.e., the modulation index is 0.9. Before t = 0.35 s, the NHMC is working in the normal operating mode to transmit an active power of -16 MW and generate a reactive power of ?8 Mvar. In case 3, a pole-to-pole DC fault occurs at the DC port at t = 0.35 s, and the NHMC is switched to the DC faultblocking mode when the absolute value of the DC fault current exceeds the activating threshold of 1 kA. Waveforms of the active and reactive power, AC-side currents, DC-link voltage, DC-side current, DC capacitor voltages, SM capacitor voltages of phase a, and currents flowing through DSs are presented in Fig. 11 . The currents flowing through the first, second, third, and fourth DS of phase a are denoted as i a1 , i a2 , i a3 , and i a4 , respectively. Figure 11 shows that, after the DC fault occurs at t = 0.35 s, the DC filters behave in a manner similar to an RLC circuit, and the DC capacitors are discharged rapidly, thereby resulting in a rapidly increasing DC fault current. However, after being switched to the DC fault-blocking mode, the NHMC is able to block the current path between the AC and DC fault sites, and the AC and DC currents decay to zero and do not reignite. The current flowing through each DS is cleared quickly after the NHMC is blocked, and therefore does not damage the power electronic devices.
In case 4, a pole-to-ground DC fault occurs at the DC port at t = 0.35 s, and the NHMC is switched to the DC fault-blocking mode when the absolute value of the DC current exceeds 1 kA. Waveforms of the active and reactive power, AC-side currents, DC voltage, DC current, DC capacitor voltages, SM capacitor voltages of phase a, and currents flowing through DSs are reported in Fig. 12a-h, with currents denoted as in Fig. 11. Figure 12 shows that the NHMC is capable of blocking the pole-to-ground fault as well. The simulation results in Figs. 11 and 12 demonstrate the DC fault-blocking capability of the NHMC.
Comparison with the HCMC
In case 5, a simulation model of the HCMC proposed in [15] is presented for comparison with the NHMC proposed in this paper. In the HCMC model, each stack is composed of 12 FBSMs, and each DS consists of 12 IGBTs. The rated AC-side line-to-line RMS voltage is set as 22 kV, i.e., the modulation index is 0.9. The other parameters of the HCMC model are the same as those in Table 5 . Before t = 0.35 s, the reference values of the active and reactive power are -16 MW and ?8 Mvar, respectively. At t = 0.35 s, a pole-to-pole DC fault occurs at the DC port, and the HCMC is switched to the DC fault-blocking mode when the absolute value of the DC fault current exceeds 1 kA. Waveforms of the active and reactive power, ACside currents, DC-link voltage, DC-side current, currents flowing through the DSs of phase a, and SM capacitor voltages of phase a are shown in Fig. 13 . As illustrated in Figs. 11 and 13, the performance of the NHMC is similar to that of the HCMC during a pole-topole fault, and both converters are able to block the DC fault current. However, as shown in Table 4 , the proposed NHMC uses fewer IGBTs. Comparing between Figs. 11g and 13e also indicates that the switching frequency of the DSs in the NHMC is lower than that of the DSs in the HCMC; therefore, the switching power loss can be reduced.
Conclusion
This paper proposes a new hybrid multilevel converter for medium-voltage DC transmission, i.e., the NHMC. The basic topology, operating principle, modulation scheme, energy balancing scheme, and DC fault-blocking capability of the NHMC were studied and presented. Compared to the existing multilevel converters for medium-voltage DC transmission, the main merits of the proposed NHMC are its capability to operate the DSs at fundamental frequency while working in a wide modulation range and its capability of blocking DC fault currents with a relatively small number of IGBTs. Simulation results, including a comparison with an existing multilevel converter, demonstrate the features and merits of the proposed NHMC and show that it can be an economical and feasible option for medium-voltage DC transmission with overhead lines. A neutral-point-clamped hybrid multilevel converter with DC fault blocking capability for… 535
